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        Classical nonhomologous DNA end joining 
(C-NHEJ), which ligates DNA ends with no 
or short stretches of homology, is a major DNA 
double-strand break (DSB) repair pathway in 
somatic mammalian cells (for review see refer-
ence   1  ). Known NHEJ factors include Ku70, 
Ku80, the DNA  –  protein kinase catalytic sub-
unit (DNA-PKcs), Artemis, XRCC4, ligase 
IV (Lig4), and the recently described XLF/
Cernunnos protein ( 1  –  3  ). Ku70/Ku80 hetero-
dimers bind DSBs and recruit and activate 
DNA-PKcs to form the DNA-PK holoenzyme. 
With respect to NHEJ, DNA-PKcs autophos-
phorylates and activates the endo/exonuclease 
activity of Artemis, a factor capable of pro-
cessing complex DNA ends, such as hairpins, 
before ligation by the XRCC4  –  Lig4 complex 
(  1  –  3  ). Ku70, Ku80, XRCC4, and Lig4 are 
considered   “  core  ”   C-NHEJ factors, as they are 
conserved in evolution and required to join all 
types of DNA ends. DNA-PKcs and Artemis 
appear to have evolved in higher eukaryotes 
and are not required for all types of C-NHEJ 
(see below), but rather have a particular role in 
joining ends that need processing (  1  ). 
  In developing lymphocytes, the Ig and T 
cell receptor variable region exons are assem-
bled from germline variable (V), diversity (D), 
and joining (J) gene segments (for review see 
reference   4  ). To initiate V(D)J recombination, 
the RAG endonuclease introduces DSBs between 
V, D, and J coding sequences and fl  anking re-
combination signal sequences (RSs) to generate 
blunt, 5      phosphorylated RS ends and covalently 
sealed hairpin coding ends. Coding and RS ends, 
respectively, are joined via C-NHEJ to form 
coding and RS joins (  4  ). Both coding and RS 
joining require the core C-NHEJ factors. How-
ever, although DNA-PKcs and Artemis are re-
quired for coding joins, substantial RS joining 
occurs without DNA-PKcs, and RS joining is 
essentially normal without Artemis (  5, 6  ). In this 
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  The DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and Artemis are classical 
nonhomologous DNA end-joining (C-NHEJ) factors required for joining a subset of DNA 
double-strand breaks (DSB), particularly those requiring end processing. In mature B cells, 
activation-induced cytidine deaminase (AID) initiates class switch recombination (CSR) by 
introducing lesions into S regions upstream of two recombining C  H   exons, which are pro-
cessed into DSBs and rejoined by C-NHEJ to complete CSR. The function of DNA-PKcs in 
CSR has been controversial with some reports but not others showing that DNA-PKcs  –
  defi  cient mice are signifi  cantly impaired for CSR. Artemis-defi  cient B cells reportedly 
undergo CSR at normal levels. Overall, it is still not known whether there are any CSR-
associated DSBs that require DNA-PKcs and/or Artemis to be joined. Here, we have used an 
immunoglobulin (Ig)H locus-specifi  c fl  uorescent in situ hybridization assay to unequivocally 
demonstrate that both DNA-PKcs and, unexpectedly, Artemis are necessary for joining a 
subset of AID-dependent DSBs. In the absence of either factor, B cells activated for CSR 
frequently generate AID-dependent IgH locus chromosomal breaks and translocations. 
We also fi  nd that under specifi  c activation conditions, DNA-PKcs      /      B cells with chromosomal 
breaks are eliminated or at least prevented from progressing to metaphase via a p53-
dependent response. 558 DNA-PK  CS   AND ARTEMIS FUNCTION IN END-JOINING DURING CSR | Franco et al.
Notably, a recent report, based on analyses of SCID B cells 
or a line of DNA-PKcs mutant mice that harbored a targeted 
mutation similar to the   scid   mutation, led to the conclusion that 
CSR can occur essentially normally in the absence of DNA-
PKcs (  23  ). In this regard, Artemis-defi  cient B cells have no ob-
vious CSR defect as assayed by standard methods ( 16  ), suggesting 
that potential DNA-PKcs functions implicated by the CSR de-
fect in DNA-PKcs-defi  cient mice are not mediated via Artemis. 
The lack of a detectable CSR defect in Artemis-defi  cient B cells 
suggested that most DSBs generated during CSR, like RS ends 
during V(D)J recombination, do not require processing for 
joining or that they are processed via an Artemis-independent 
pathway (  16  ). 
  To unequivocally elucidate potential roles of DNA-PKcs 
and Artemis in CSR, we now use a highly sensitive IgH locus-
specifi  c fl  uorescent in situ hybridization (FISH) assay to in-
vestigate unequivocally whether DNA-PKcs and Artemis 
have roles in end joining and in suppression of chromosomal 
translocations in the context of CSR. 
    RESULTS   
  Genomic instability in DNA-PKcs  –   and Artemis-defi  cient 
B cells activated for CSR 
  DNA-PKcs  –   or Artemis-defi  cient B cells were generated 
via introduction of preassembled Ig heavy chain (HC) and 
light chain (LC) knock-in alleles to rescue B cell develop-
ment in the absence of V(D)J recombination, as described 
previously (  14, 16  ). To assess whether defects in either of 
these C-NHEJ factors results in genomic instability in ma-
ture B cells, we used telomere FISH (T-FISH) to analyze 
metaphase spreads of DNA-PKcs  –  defi  cient (D       /      /HC/LC) 
or Artemis-defi  cient (A       /      HC/LC) B cells that were acti-
vated for 4 d with      -CD40/IL-4 to stimulate CSR to IgG1 
and IgE (  24  ). T-FISH analyses revealed that 34.2   ±   9.6% of 
D       /      /HC/LC B cells contained at least one chromosomal 
aberration, compared with 6.0   ±   3.7% of HC/LC control B 
cells (  n   = 4 independent stimulations;   Fig. 1 A   and Table S1, 
which is available at http://www.jem.org/cgi/content/full/
jem.20080044/DC1).   Likewise, A       /      HC/LC B cells stimu-
lated in parallel similarly displayed increased chromosomal 
instability, with 23.3% of metaphases harboring at least one 
chromosomal aberration (  Fig. 1 A   and Table S1). Similarly, 
the total number of chromosomal aberrations was increased 
from 6.0   ±   3.7% in HC/LC control B cells to 42.5   ±   13.2% 
and 26.7   ±   4.7% in D       /      /HC/LC and A       /      HC/LC cultures, 
respectively (Table S1). Therefore, DNA-PKcs and Artemis 
function in the suppression of chromosomal instability in 
     -CD40/IL-4  –  activated mature B cells with D       /      /HC/LC 
B cells harboring approximately double the number of chro-
mosomal breaks found in A       /      HC/LC B cells (  Fig. 1 A   and 
Table S1), consistent with Artemis-independent roles for 
DNA-PKcs in general DSB repair, similar to what has been 
found for V(D)J recombination and CSR (  6, 16  ). 
  We also used T-FISH to analyzed metaphase spreads from 
D       /      /HC/LC or A       /      HC/LC B cells that were activated 
for 4 d with LPS to stimulate CSR to IgG2b and IgG3. 
context, coding join formation requires the opening and 
processing of hairpins, which is achieved via DNA-PKcs  – 
activated Artemis endonuclease   activity (  7, 8  ), whereas RS 
joining only involves direct ligation of the blunt 5      phosphor-
ylated RS ends. Given that RS joining is variably decreased 
and frequently imprecise in DNA-PKcs-defi  cient but not in 
Artemis-defi  cient cells, the role of DNA-PKcs in NHEJ 
likely extends beyond Artemis-associated functions. In the 
latter context, DNA-PKcs activates other factors in the con-
text of the general DSB response (  9  ) and possibly during class 
switch recombination (CSR) (  10  ). 
  In activated B cells, DSBs are introduced into the IgH 
locus during IgH CSR, a process that allows the V(D)J exon 
fi  rst expressed with C      constant region exons to be expressed 
with one of a set of downstream C  H   exons (e.g., C     , C     , and 
C     ) (  11  ). C  H   exons are preceded in the genome by long 
repetitive switch (S) regions. Transcription-dependent de-
amination of cytidines in S regions by activation-induced cyti-
dine deaminase (AID) leads to S region DSBs (  11  ), which are 
joined to complete CSR. S region junctions lack long stretches 
of homology, leading to the suggestion that they are joined 
primarily by end joining (  12  ). CSR has been studied in diff  erent 
C-NHEJ  –  defi  cient backgrounds by complementing the V(D)J 
recombination defi  ciency with preassembled knock-in vari-
able region exons at the IgH and IgL loci (  13  –  16  ). Consistent 
with a role for C-NHEJ, Ku70 and Ku80 defi  ciencies com-
pletely abrogate CSR, although proliferation defects of Ku-
defi  cient B cells raise the possibility that, at least in part, the 
CSR defect of Ku-defi  cient B cells may refl  ect the role of Ku 
in processes besides C-NHEJ (  13, 15  ). In this regard, XRCC4 
or Lig4 defi  ciency reduces CSR, but only to levels ranging 
from 20 to 50% of control levels (  17, 18  ). This defect results 
from defective end joining, as a large proportion of IgH loci 
in XRCC4- or Lig4-defi   cient B cells suff  er  chromosomal 
breaks that often are involved in translocations (  18  ). Residual 
CSR in XRCC4- or Lig4-  defi  cient B cells is performed by a 
clearly distinct, alternative end-joining pathway that strongly 
prefers to join ends with micro-  homologies (  18  ). 
  Mice completely defi  cient for DNA-PKcs (DNA-PKcs       /       
mice) have been generated by gene-targeted mutation (  5  ). 
DNA-PKcs       /       B cells proliferate normally but have a severe 
CSR defect to most IgH classes except IgG1, for which CSR 
ranges from moderately reduced to essentially normal in both 
outbred and inbred backgrounds (  14, 16  ). Mouse B cells ho-
mozygous for the   scid   mutation (SCID B cells), which leads to 
generation of a mutant DNA-PKcs protein that lacks kinase 
activity (  19  ), were reported to show reduced IgH class switch-
ing to all IgH constant regions, but not as severely reduced as 
observed for DNA-PKcs       /       mice (  20  –  22  ). One potential ex-
planation for the more severe defect in IgH CSR in DNA-
PKcs-defi  cient versus SCID B cells is that the latter might 
produce a relatively intact DNA-PKcs protein that harbors puta  -
tive noncatalytic functions. However, the precise mechanism 
of the CSR defects in DNA-PKcs  –  defi  cient and SCID B cells 
was not characterized; in particular, whether or not it involved 
an end-joining defect or some other DNA-PKcs function. JEM VOL. 205, March 17, 2008 
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.jem.org/cgi/content/full/jem.20080044/DC1). To further 
elucidate the basis of this unexpected result, we generated 
and analyzed D       /      /HC/LC B cells that were also p53 defi  -
cient (D       /      /HC/LC/P). T-FISH analyses of LPS-activated 
D       /      /HC/LC/P B cells revealed substantial genomic insta-
bility as compared with p53-defi  cient control B cells (  Fig. 1 B   
and Table S2). Thus, these fi  ndings suggest that LPS-activated 
DNA-PKcs  –  defi  cient cells also harbor substantial levels of 
genomic instability but apparently are eliminated via a p53-
dependent checkpoint. 
  To assess whether the chromosomal aberrations found in 
     -CD40/IL-4  –  activated DNA-PKcs  –   or Artemis-defi  cient 
B cells resulted from pre- or postreplicative lesions, we classi-
fi  ed all chromosomal aberrations observed in metaphases 
from      -CD40/IL-4  –  activated D       /      /HC/LC and A       /      /
HC/LC B cells as involving one chromatid (chromatid-type) 
or the two sister chromatids (chromosome-type; see   Fig. 1 C   
for schematic). Although chromosome-type aberrations could 
potentially result from independent breakage of the two sister 
chromatids after replication, they typically refl  ect a DSB 
introduced before DNA replication, which is then replicated. 
In contrast, chromatid-type breaks typically originate from 
unrepaired DSBs introduced after replication (  25  ). Defi  ciency 
for either DNA-PKcs or Artemis resulted nearly exclusively 
in chromosome breaks, or chromosomal rearrangements de-
rived from them (dicentrics, robertsonian translocations), with 
chromatid breaks comprising   ≤  1% of the observed aberrations 
(  Fig. 1, D  –  G  , for examples,   Fig. 1 J   for quantifi  cation, and 
Table S1  )  , similar to what has been found for Lig4-  defi  cient 
mouse embryonic fi  broblasts or XRCC-4  –  defi  cient B cells 
(  18, 26  ). As expected (  27  ), B cells defi  cient for H2AX, which 
facilitates DSB repair by both NHEJ and homologous re-
combination, contained similar frequency of chromosome 
and chromatid breaks (  Fig. 1 I   for example and   Fig. 1 J   for 
quantifi  cation), suggesting that DSB repair mediated by both 
DNA-PKcs and Artemis largely involves pre-replicative 
DSBs. Finally, B cells defi  cient for DNA-PKcs showed a low 
frequency of end-to-end chromosomal fusions with telomere 
signals at the fusion point (  Fig. 1 H  ), refl  ecting the role of 
DNA-PKcs in maintaining genomic stability by capping 
chromosome ends (  28  ). 
  DNA-PKcs is required for end joining of IgH locus DSBs 
during CSR 
  We have used a sensitive IgH locus FISH assay (  27  ) to deter-
mine directly whether DNA-PKcs has any function in the 
end-joining phase of CSR. After treatment of D       /      /HC/LC 
B cells with      -CD40/IL-4 for 4 d to induce class switching 
to IgG1 and IgE, we observed normal proliferation levels and 
surface IgG1 expression that ranged from somewhat de-
creased to approximately equal to that of HC/LC controls 
(Figs. S1 and S2, available at http://www.jem.org/cgi/
content/full/jem.20080044/DC1). As expected (  14  ), CSR 
to IgE was abolished in the absence of DNA-PKcs (not de-
picted). IgH locus FISH analysis revealed IgH-specifi  c chromo-
somal breaks in 14.0   ±   2.6% D       /      /HC/LC B metaphases 
  Surprisingly, we found very low levels of genomic instability 
in LPS-stimulated D       /      /HC/LC or A       /      HC/LC B cells 
(  Fig. 1 B   and Table S2, which is available at http://www
    Figure 1.         DNA-PKcs and Artemis maintain chromosomal stability in 
activated B cells.   (A)  Quantifi  cation of genomic instability in D      /    /HC/LC 
and A      /     /HC/LC B cells by T-FISH. Metaphase spreads from D      /    /HC/LC, 
A      /     /HC/LC B, and control HC/LC B cells activated with anti-CD40/IL-4 
for 4 d were hybridized with a telomere-specifi  c PNA probe, and chromo-
somal aberrations were quantifi  ed in 30 metaphases per culture. Bars 
represent average and standard deviation of three mice per genotype in 
three independent stimulations. (B) Quantifi  cation of genomic instability 
in D      /     /HC/LC and D      /    /p53     /     /HC/LC B cells activated with LPS for 4 d 
and stained with a telomere probe. Bars represent average and standard 
deviation of fi  ve mice per genotype in fi  ve independent stimulations. (C  –  J) 
Distribution of chromosomal aberrations in B cells defi  cient for DNA-
PKcs, Artemis, or H2AX. As diagrammed in C, DSBs introduced before rep-
lication typically result in chromosome-type aberrations at metaphases, 
whereas DSBs introduced after DNA replication result in chromatid-type 
aberrations. Mainly chromosome-type aberrations are observed in B cells 
defi  cient for DNA-PKcs (D, chromosome break; F, chromosomal transloca-
tion) or Artemis (E, chromosome break; G, dicentric), whereas H2AX defi  -
ciency results in both chromosome-type and chromatid-type breaks 
(an example of a chromatid break is shown in I). End-to-end chromosomal 
fusions were also observed in DNA-PKcs  –  deficient B cells (H). 
Quantifi  cation is shown in J.     560 DNA-PK  CS   AND ARTEMIS FUNCTION IN END-JOINING DURING CSR | Franco et al.
(  Fig. 2 D   and Table S2). Finally, as previously observed in 
DSB response factor  –  defi  cient backgrounds and XRCC4-
defi  cient activated B cells (  18, 27  ), all observed IgH locus 
breaks involved two sister chromatids (chromosome breaks; 
not depicted), consistent with the notion that DNA-PKcs is 
required for rejoining S region lesions that are initiated in 
pre-replicative stages of the cell cycle (  29  ). 
  ATM defi  ciency and its associated checkpoint defi  ciencies 
can lead to RAG-dependent IgH locus chromosomal breaks 
introduced in the context of V(D)J recombination in pro  –  B cells 
that persist through development and are retained in mature B 
cells (  30  ). To rigorously demonstrate that the DSBs we observe 
in DNA-PKcs  –  defi  cient B cells are introduced in the context of 
attempted CSR, we quantifi  ed the frequency of IgH locus 
breaks in      -CD40/IL-4  –  activated B cells doubly defi  cient for 
AID and DNA-PKcs (D       /      /AID       /      /HC/LC), as well as in 
AID       /      /ATM       /       B cells. Neither AID       /      /ATM       /       or D       /      /
AID       /      /HC/LC B cells undergo CSR upon activation (Fig. S2). 
Notably, although AID       /      /ATM       /       B cells were found to still 
harbor IgH locus breaks in 8.0   ±   2.0 of metaphases (range, 
6  –  10%;   Table I   and Table S3 and Fig. S3, which are available at 
http://www.jem.org/cgi/content/full/jem.20080044/DC1) 
similarly to what has been described (  30  ), AID defi  ciency com-
pletely eliminated the occurrence of IgH locus breaks in   
   -CD40/IL-4  –  activated DNA-PKcs  –  defi  cient B cells (  Table I  , 
Table S3, and Fig. S3), indicating that the vast majority, if not all, 
IgH locus breaks observed in the absence of DNA-PKcs result 
from failure to repair a subset of CSR-specifi  c DNA lesions.   
(  n   = 4 independent stimulations; range, 11  –  16%) compared 
with 0.25   ±   0.5% (range, 0  –  1%) in four control HC/LC cul-
tures (  Fig. 2, A and B  , and C for examples), indicating that 
a substantial subset of IgH locus DSBs generated after      -
CD40/IL-4 treatment fail to rejoin in the absence of DNA-
PKcs.   LPS-treated D       /      /HC/LC B cells failed to undergo 
substantial CSR to IgG2b or IgG2 (not depicted), but, as for 
general DSBs, also failed to show substantially increased IgH 
locus breaks relative to control cells (  Fig. 2 D   and Table S2). 
Notably, LPS-treated D       /      /HC/LC B cells that were also 
p53 defi  cient also failed to undergo signifi  cant switching to 
IgG2b or IgG3 but, similar to our fi  ndings with general 
DSBs, did show substantial levels of IgH locus breaks (13.2   ±   
3.3% of metaphases; range, 10  –  18%;   n   = 5 independent stim-
ulations), confi  rming that DSBs introduced in the context of 
CSR to IgG2b or IgG3 are also dependent on DNA-PKcs 
    Figure 2.         DNA-PKcs and Artemis are required for end joining of a 
subset of DSBs during CSR.   (A) Schematic of the IgH locus in the sub-
telomeric region of mouse chromosome 12 and location of 3      and  5     IgH 
fl  anking probes. A chromosome break at IgH is defi  ned as dissociation of 
the 3      and 5      IgH signals, which appear in two distinct DAPI fragments. 
(B) Frequency of IgH locus breaks determined by IgH FISH on metaphase 
spreads of DNA-PKcs  –  defi  cient B cells activated with     -CD40/IL-4.  Bars 
represent average and standard deviation of three mice in three indepen-
dent stimulations. 100 metaphases per mice were analyzed. (C) Partial 
metaphase spreads of activated DNA-PKcs  –  defi  cient B cells hybridized 
with 3      (red) and 5      (green) IgH probes. Chromosomal breaks at one IgH 
allele (left) or at both alleles (right) were observed. (D) Frequency of IgH 
locus breaks determined by IgH FISH on metaphase spreads of DNA-PKcs  –
 defi  cient B cells (  ±   p53-defi  cient) activated with LPS. Bars represent the 
average and standard deviation of fi  ve independent experiments.     
  Table I.  Effect of AID defi  ciency of IgH locus stability in 
activated B cells defi  cient for DNA-PKcs, Artemis, or ATM 
  Genotype 
  No. mice   
  (no. metaphases) 
  % Metaphases 
with IgH locus 
breaks (ave   ±   SD) 
DNA-PKcs/AID
HL 3 (150) 2.0   ±   2.0
AID       /      /HC/LC 2 (100) 0.0   ±   0.0
DNA-PKcs       /      /HC/LC 3 (150) 15.3   ±   3.1
DNA-PKcs       /      / 
 AID       /      /HC/LC
2 (100) 0.0   ±   0.0
Artemis/AID
HL 2 (100) 1.0   ±   1.4
AID       /      /HC/LC 2 (100) 0.0   ±   0.0
Artemis       /      /HC/LC 6 (300) 9.7   ±   2.7
Artemis       /      / 
 AID       /      /HC/LC
3 (150) 0.0   ±   0.0
ATM/AID
wild-type 2 (100) 0.0   ±   0.0
AID       /      1 (50) 0.0   ±   0.0
ATM       /      3 (150) 18.0   ±   4.0
ATM       /      / AID       /      3 (150) 8.0   ±   2.0
B cells of the indicated genotypes were activated with      -CD40/IL-4 for 4 d, and 
metaphase spreads were hybridized with BAC probes fl  anking IgH (3      and  5     IgH). 
IgH locus-specifi  c breaks (end-dissociated probes) were scored in 50 metaphases 
per culture. See Table S3 for data on individual cultures.JEM VOL. 205, March 17, 2008 
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HL metaphases and in 13/35 (37.1%) A       /      /HC/LC meta-
phases (  Fig. 4 A  , and B for examples).   Moreover, 19/30 
(63.3%) and 8/13 (61.5%) of these D       /      /HC/LC HL and 
A       /      /HC/LC translocations, respectively, were dicentrics 
(  Fig. 4 A  ), highly unstable cytogenetic aberrations that trigger 
breakage-fusion-bridge cycles and thereby can amplify geno-
mic instability (  1  ). 
    DISCUSSION   
  Previous work demonstrated a requirement for XRCC4 and 
Lig4, core components of C-NHEJ, in the end-joining phase 
of CSR (  18  ). In contrast, a potential role for DNA-PKcs in 
CSR has been controversial (  14, 23  ), whereas Artemis was 
thought to be dispensable for CSR (  16  ). We now demon-
strate AID-dependent IgH locus-specifi  c  chromosomal 
breaks in 10  –  20% of activated DNA-PKcs       /       B cell meta-
phases obtained from B cells stimulated with cytokine com-
binations that induce CSR to diff  erent IgH isotypes in vitro 
(i.e., IgG1, IgE, IgG2b, or IgG3). These fi  ndings provide 
unequivocal evidence that DNA-PKcs, in fact, does play a 
signifi  cant role in the end-joining phase of CSR, regardless of 
the type of stimulation. In the context of activation with 
LPS, our observed frequency of IgH locus breaks (    15% of 
all B cell metaphases) may well account for the severe CSR 
defect to both IgG2b and IgG3. In the context of activation 
with      -CD40/IL-4, where the fraction of cultured cells that 
eff  ect CSR is typically two- or threefold higher than in LPS-
activated cultures, our observed frequency of IgH locus 
breaks (15  –  20% of all B cell metaphases) likely refl  ects both 
abolished CSR to IgE combined with the modest defect in 
CSR to IgG1. Unexpectedly, we also detected AID-dependent 
IgH locus breaks in a signifi  cant fraction of activated Artemis-
defi  cient B cells, albeit at a lower frequency than observed in 
DNA-PKcs  –  defi  cient B cells. 
  The requirement for Artemis for joining a smaller frac-
tion of DSBs during IgH CSR as compared with DNA-PKcs 
most likely refl  ects the ends of DSBs in S regions generated in 
the context of in vitro B cell activation being heterogeneous 
(  11  ). DNA-PKcs  –  activated Artemis can process a variety of 
  Artemis is required for the repair of a subset of IgH locus 
DSBs during CSR 
  Cellular assays for class switching generally rely on fi  nding a 
decrease in the level of expression of a particular IgH isotype. 
Given the general variability in IgH CSR, such   “  negative  ”   
assays are only useful to detect large defects in CSR. On the 
other hand, the FISH assay for chromosomal IgH locus breaks 
is a   “  positive  ”   assay and can detect defects in end joining dur-
ing CSR in only a few percent of the activated B cells (  27  ). 
Therefore, we took advantage of the high sensitivity of our 
IgH FISH assay to investigate a potential role for Artemis 
in the end joining of a small fraction of the DSBs generated 
during CSR. As reported previously (  16  ),      -CD40/IL-4  –
  stimulated A       /      /HC/LC B cells proliferated normally and 
expressed comparable levels of sIgG1 as their HC/LC counter-
parts (Figs. S1 and S2). However, IgH FISH analyses revealed 
chromosomal breaks at the IgH locus in 8.8   ±   2.8% of 
A       /      /HC/LC metaphases (range, 6% to 12%;   n   = 4 in-
dependent stimulations) as compared with   ≤  1% in all four 
control HL cultures (  Fig. 3  ).   As reported above in the con-
text of general breaks, experiments where DNA-PKcs and 
Artemis-defi  cient B cells were stimulated in parallel invari-
ably showed a greater frequency of IgH locus breaks in the 
absence of DNA-PKcs than in the absence of Artemis (  Fig. 3 A   
and Table S1), consistent with Artemis-independent roles 
for DNA-PKcs in CSR (  16  ). As Artemis is also required for 
the rejoining of RAG-dependent DSBs at coding ends, as 
well as for repairing a subset of general DSBs that require end 
processing (  1  ), we also assayed activated B cells doubly defi  -
cient for Artemis and AID to confi  rm that the IgH locus 
breaks observed in activated Artemis-defi  cient B cells resulted 
from defective CSR. AID defi  ciency abolished both CSR 
(Fig. S2) and IgH locus-specifi  c chromosomal breaks in 
Artemis-defi  cient B cells (  Table I  , Table S3, and Fig. S3), 
conclusively demonstrating that Artemis is required for the 
joining of a small subset of IgH CSR-related DSBs. 
  DNA-PKcs and Artemis suppress AID-dependent 
chromosomal translocation in mature B cells 
undergoing CSR 
  In the absence of DSB response factors or the Ku or XRCC4 
C-NHEJ factors, AID-dependent IgH locus chromosomal 
breaks introduced in B cells activated for CSR are fused to 
other breaks at high frequency to generate translocations 
(  18, 27, 31  ). Moreover, DNA-PKcs/p53 double-defi  cient or 
Artemis/p53 double-defi  cient mice succumb to pro  –  B cell 
lymphomas with clonal translocations that arise from aberrant 
repair of RAG-dependent chromosomal breaks (  32, 33  ). To test 
whether defi  ciency for DNA-PKcs or Artemis similarly pro-
motes chromosomal translocations with breakpoints within 
the IgH locus, we analyzed 102 CD40/IL-4  –  activated D       /      /
HC/LC and 35 A       /      /HC/LC B cells metaphases that con-
tained a chromosomal break at the IgH locus (from a total 
pool of 600 D       /      /HC/LC and 400 A       /      /HC/LC meta-
phases, respectively) for participation in translocations. The 
IgH locus was translocated in 30/102 (29.4%) D       /      /HC/LC 
    Figure 3.         IgH locus instability in activated Artemis-defi  cient B cells  . 
(A) Quantifi  cation of the frequency of IgH locus breaks in D      /    /HC/LC, 
A      /     /HC/LC, and control HC/LC B cells activated in parallel. The frequency 
of split 3    5     IgH signals for each genotype is shown. Bars represent the 
average and standard deviation of three independent stimulations. 
A representative example of a chromosomal break at the IgH locus in 
an A      /     /HC/LC metaphase is shown in B.     562 DNA-PK  CS   AND ARTEMIS FUNCTION IN END-JOINING DURING CSR | Franco et al.
and/or activation of DNA damage response (DDR) factors 
required for CSR. In the latter context, DNA-PKcs phos-
phorylates H2AX to form      -H2AX, a chromatin modifi  ca-
tion that correlates with CSR (  29  ), at DSBs (  38  ). Moreover, 
defi  ciency for H2AX also impairs end joining of S regions 
during CSR (  27, 31  ). In addition, MDC1, another DSB re-
sponse factor that promotes end joining of S regions during 
CSR (  27  ), binds to DNA-PKcs and promotes its activation 
by autophosphorylation (  39  ). 
  Even though DNA-PKcs likely plays a role in regulating 
the DDR, our cytogenetic analysis points to clear diff  erences 
in the requirement for some DDR factors and C-NHEJ fac-
tors in the context of the cell cycle. Both chromosome and 
chromatid breaks are readily observed in metaphase spreads of 
B cells (and other cell types) defi  cient for H2AX or, to a lesser 
extent, ATM (  27  ), consistent with a role for these factors 
in the repair of both pre- and postreplicative DNA lesions. 
In contrast, chromatid breaks are rarely observed in B cells 
defi  cient for DNA-PKcs or Artemis (this study), XRCC4 (  18  ), 
or in mouse embryonic fi  broblasts defi  cient for Lig4 (  26  ), 
suggesting that the action of the NHEJ is dominant in pre-
replicative phases of the cell cycle. In contrast, IgH locus 
breaks observed in the absence of either DDR or NHEJ com-
ponents are invariably of the chromosome type (  18  ,   27  , and 
this study), supporting the notion that the initiating lesion in 
CSR is introduced before DNA replication (  29  ). 
  Like DNA-PKcs, ATM is a PI3-like kinase required for 
normal rejoining of DNA ends across both RAG- and AID-
dependent DSBs (  27, 40  ). However, major diff  erences exist as 
to the fate of unrepaired DNA ends in the absence of one or 
the other of these two kinases. First, we document here that, 
unlike persistent RAG-initiated DSB in ATM-defi  cient mice 
(  30  ), unrepaired RAG-dependent DSBs do not persist to the 
mature B cell stage in DNA-PKcs  –  defi  cient mice. Second, 
although general and IgH locus-specifi  c chromosomal breaks 
were abundant in ATM       /       B cells activated either with 
     -CD40 plus IL-4 or with LPS, such breaks are observed in 
     -CD40 plus IL-4  –  activated DNA-PKcs       /       B cells, but not in 
LPS-activated DNA-PKcs       /       B cells. However, the breaks are 
observed in LPS-activated DNA-PKcs       /       B cells that are also 
p53 defi  cient, indicating that DNAPKcs       /       B cells with DSBs 
are eliminated, or at least prevented from progressing to meta-
phase, via a p53-dependent response after LPS stimulation. 
Although there are other conceivable interpretations, these 
fi  ndings suggest that      -CD40 plus IL-4 activation conditions 
obviate the p53-dependent response to DSBs in activated 
DNA-PKcs       /       B cells, and that ATM defi  ciency also elimi-
nates this response even under LPS stimulation conditions. 
Of note,      -CD40 plus IL-4 stimulation is thought to mimic 
in vitro the T cell  –  dependent germinal center reaction, where 
the normal p53-dependent cellular response to DSBs is nor-
mally blunted in a transient manner to prevent inappro-
priate growth arrest or apoptosis during CSR (  41  ). Finally, as 
H2AX       /      , MDC1       /      , and 53BP1       /       B cells also show vary-
ing degrees of general and IgH locus breaks under      -CD40 
plus IL-4 or LPS activation conditions (  27  ), it would appear 
complex DNA structures in vitro (  34  ) and is specifi  cally re-
quired in vivo for the repair of a subset of complex DNA 
ends that requires extensive processing, such as hairpins at 
coding ends during V(D)J recombination (  6  ) or a subset of 
ionizing radiation  –  induced DSBs (  35  ). However, an Arte-
mis-independent role for DNA-PKcs has been clearly estab-
lished both for ligation of blunt signal ends during V(D)J 
recombination (  5, 6  ) and for the repair of ionizing radiation  –
  induced DSBs (  35  ). Thus, in the context of CSR, a subset of 
AID-dependent lesions with complex ends might similarly 
require DNA-PKcs  –  mediated Artemis activation for repair, 
whereas others only require DNA-PKcs, perhaps because 
they do not need extensive processing or they are processed 
via an Artemis-independent mechanism. Artemis-indepen-
dent roles for DNA-PKcs may include an intrinsic scaff  olding 
function in the alignment/synapses of DNA ends (  36, 37  ) 
    Figure 4.         Frequent chromosomal translocations involving the IgH 
locus in B cells defi  cient for DNA-PKcs or Artemis  . (A) Analysis of 
metaphase spreads of     -CD40/IL-4 – activated  B  cells  defi  cient for DNA-
PKcs or Artemis for genomic instability at the IgH locus. Chromosomes 12 
with a break at IgH were further classifi  ed as free ends or translocated. 
For those involved in translocations, formation of dicentric was noted. 
Examples are shown in B. Chromosome 12 translocates to other centric or 
acentric chromosomes, as diagrammed. Only the 3      (red) or the 5      (green) 
IgH probe is detected at the translocation junction, indicating that the 
breakpoint for chromosome 12 lies within IgH.     JEM VOL. 205, March 17, 2008 
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Roche), as per the manufacturer  ’  s instructions, and FISH was performed as 
described previously (  27  ). In brief, 200 ng of each probe DNA was precipi-
tated with mouse Cot1 DNA (Invitrogen), resuspended, and co-denatured 
in hybridization solution (50% formamide, 2X SSC, 10% dextran sulfate, 
and 0.15% SDS) for 5 min at 76  °  C. After incubation at 37  °  C for 16 h, slides 
were washed, incubated with avidin-Cy3 and antidigoxigenin-FITC, and 
mounted in Vectashield with DAPI (Vector Laboratories). Metaphase im-
ages were captured using a Nikon Eclipse microscope equipped with a CCD 
camera (Applied Spectral Imaging) and a 63  ×   objective lens. 
  Online supplemental material.     Fig. S1 shows the effi   ciency of CSR by 
FACS analysis of surface Ig expression in activated B cells defi  cient for 
DNA-PKcs or Artemis. Fig. S2 shows the eff  ect of AID defi  ciency on CSR 
measured by FACS analysis of surface Ig expression in activated B cells defi  -
cient for DNA-PKcs, Artemis, or ATM. Fig. S3 shows the eff  ect of AID de-
fi  ciency on IgH locus stability in activated B cells defi  cient for DNA-PKcs, 
Artemis, or ATM. Table S1 provides an analysis of genomic stability in 
     -CD40/IL-4  –  activated B cells defi  cient for DNA-PKcs or Artemis. Table 
S2 provides data on genomic stability in LPS-activated B cells defi  cient for 
DNA-PKcs and the eff  ect of p53 inactivation. Table S3 shows the eff  ect of 
AID defi  ciency on genomic stability in activated B cells defi  cient for DNA-
PKcs, Artemis, or ATM. The online supplemental material is available at 
http://www.jem.org/cgi/content/full/jem.20080044/DC1. 
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